The magnetization behavior, magnetic anisotropy, and domain configurations of Co/Pd multilayers with perpendicular magnetic anisotropy capped with permalloy is investigated using magnetometry, magnetic force microscopy, and ferromagnetic resonance. The thickness of the Ni 80 Fe 20 layer in [Co/Pd] 5 /NiFe (t) was varied from t = 0 to 80 nm in order to study the interplay between the anisotropy and magnetization directions of Co/Pd and NiFe. By varying the thickness of the NiFe layer, the net anisotropy changes sign, but domains with plane-normal magnetization are present even for the thickest NiFe. Ferromagnetic resonance measurements show a decrease in damping with increasing NiFe thickness. The results demonstrate how the magnetic behavior of mixed-anisotropy thin films can be controlled.
The magnetization behavior, magnetic anisotropy, and domain configurations of Co/Pd multilayers with perpendicular magnetic anisotropy capped with permalloy is investigated using magnetometry, magnetic force microscopy, and ferromagnetic resonance. The thickness of the Ni 80 Fe 20 layer in [Co/Pd] 5 /NiFe (t) was varied from t = 0 to 80 nm in order to study the interplay between the anisotropy and magnetization directions of Co/Pd and NiFe. By varying the thickness of the NiFe layer, the net anisotropy changes sign, but domains with plane-normal magnetization are present even for the thickest NiFe. Ferromagnetic resonance measurements show a decrease in damping with increasing NiFe thickness. The results demonstrate how the magnetic behavior of mixed-anisotropy thin films can be controlled. 
I. INTRODUCTION
Magnetic multilayers with strong perpendicular magnetic anisotropy and exchange-spring structures consisting of highanisotropy multilayers coupled with soft magnetic films have been extensively studied due to their interesting fundamental properties and promising technological applications. Multilayers formed from thin alternating ferromagnetic and nonmagnetic materials such as Co/Pd, Co/Pt, and Fe/Pt or two ferromagnetic materials such as Co/Ni exhibit high perpendicular anisotropy originating from the interfaces [1] [2] [3] [4] . The static and dynamic properties in such multilayer films have been studied in detail (Co/Pd, Co/Pt [5, 6] , [Co/Pd]/Fe[Co/Pd] [7] , Co/Ni [4, 8] , CoNi/Pt [9] , CoFe/Pd [10] , and CoFe/Ni [11] ). High-anisotropy films are attractive for nonvolatile memory, logic, and other spin torque based devices because they impart high thermal stability, scalability, and low critical current for current-induced magnetization switching and domain wall motion [12, 13] , and they can support surface magnetic drops (dissipative solitons) which may have an impact on domain wall electronics [14, 15] .
Coupling the high-anisotropy multilayer with a soft layer allows wide control over the magnetic properties of the composite film by adjusting the layer composition, layer thicknesses, number of repeats, and interfacial anisotropy. There have been several studies of systems with mixed anisotropies where the exchange coupling can be used to tailor the magnetic properties ([Co/Pd]-NiFe [16, 17] [21] , and CoCrPt-Ni [22] ). Exchange-spring films are being pursued for nanoscale spin transfer torque oscillators whose frequency is tunable over a wide range by modifying the injected spin * tryputen@mit.edu polarized current [23] [24] [25] . The damping parameter of the materials is also relevant to spintronic applications. Magnetic films with high-Z atoms often have very strong spin-orbit interactions and high damping [26] , and many materials with perpendicular anisotropy containing Pt also have a high damping constant, with typically [26] α = 0.05-0.1. However, materials with only low-Z elements often have low spin-orbit coupling and low damping, such as CoFeB with α = 0.001-0.01. A low damping constant α reduces the critical current for switching [13] , but the damping constant has been found to increase with the anisotropy in high-anisotropy materials and in composite structures such as [Co/Pd]/Fe/[Co/Pd] [7, 13] .
These results illustrate the importance of the damping parameter and the interplay between anisotropies in governing the magnetic properties of composite films made from a high-anisotropy multilayer coupled to a soft layer. In this article, we investigate the role of the soft layer on the magnetic anisotropy, domain structure, and damping in exchange-coupled [Co/Pd] 5 /NiFe films. The results are extended to a wider range of NiFe layer thicknesses, from 3 to 80 nm, compared with previous studies [16, 17, 19] . Also, we characterize damping and anisotropy by ferromagnetic resonance measurements, and domain structure by magnetic imaging and simulation. We find that the effective anisotropy changes sign as the NiFe thickness is near 6 nm, but domains are present even for thick NiFe due to coupling with the Co/Pd multilayer. The damping decreases as the NiFe thickness increases. The static and dynamic magnetic properties and domain configuration can therefore be tailored by varying the thickness of the NiFe layer.
II. EXPERIMENTAL METHODS
The films were grown onto Si(100) substrates by dc magnetron sputter deposition in a chamber with [16, 27] .
Samples were characterized by vibrating sample magnetometry (VSM), magnetic force microscopy (MFM), and ferromagnetic resonance spectroscopy (FMR). The in-plane and plane-normal magnetic hysteresis loops were measured by VSM. A diamagnetic signal from the sample holder and uncoated substrate was subtracted, and the loops were normalized by the moment at 870 kA/m. Magnetic domains were imaged by MFM after ac plane-normal demagnetization and at remanence after applying a saturating (870 kA/m) normal or in-plane magnetic field. CoCr low-moment probes were used in order to minimize the influence of the stray field from the probe on the multilayers. FMR measurements were performed using a wide coplanar waveguide and a lock-in technique. The width of the signal line was about 600 μm. All measurements were performed at ambient temperature.
III. RESULTS AND DISCUSSION

A. Hysteresis loops and domain structure
The in-plane and plane-normal hysteresis loops for samples of [Co/Pd] 5 /NiFe (t nm) with t ranging from 0 to 80 nm are given in Figs [17] . In the absence of a NiFe layer, and for NiFe thicknesses of 3 or 5 nm, the [Co/Pd] 5 exhibited a square hysteresis loop and in-plane hard axis, but for samples with a NiFe layer of 8 nm thickness or above, the in-plane loop showed a low coercivity and abrupt switching, and plane-normal loops had a slow approach to saturation. The magnetic easy axis therefore reorients from plane normal to in plane for NiFe between 5 and 8 nm. The plane-normal loops in Figs. 1(d) and 1(e) reveal a significant remanence and the samples with a NiFe thickness of 0-5 nm could be saturated below 100 kA/m. The remanence shows a clear decreasing trend for samples with a NiFe layer of 5-15 nm thickness, which is in an agreement with our previous studies [16] . Figure 2 shows MFM images after ac demagnetization in a plane-normal field. In the demagnetization process the magnetic field was cycled to zero with decreasing amplitude in 0.1% steps from about 12 × 10 6 A/m, producing a demagnetized state. From Fig. 2(e) , the sample without NiFe and with 3 nm NiFe showed micron-sized domains with a strong contrast at the domain walls. Thicker samples formed stripe domains in a labyrinth pattern with a period 250 nm for t = 20 nm and a period 200 nm for t = 40 and 80 nm. The strong perpendicular anisotropy of the [Co/Pd] 5 multilayer that was exchange coupled to the NiFe layer produced a domain contrast that was visible even for thick NiFe layers. remanence after plane-normal saturation with a period 300 nm and more angular boundaries than in the ac-demagnetized case. The 30 nm NiFe sample showed similar angular domains at remanence after in-plane saturation. The sample with an 80 nm thick NiFe layer showed weaker contrast stripe domains at remanence after plane-normal saturation with a period 400 nm and a poorly ordered domain structure at remanence after in-plane saturation. To show whether the stripe domains were intrinsic to the NiFe film, MFM images were also taken for a single, continuous, 80 nm thick NiFe film after ac demagnetization in a plane-normal field. The image was featureless and did not reveal any domain structure. We therefore conclude that the domain patterns are due to the presence of the [Co/Pd] 5 multilayer [20] , leading to a perpendicular component of magnetization even in NiFe with a thickness over ten times that of the 7.5 nm thick [Co/Pd] 5 .
It is worth mentioning that there is a relation between remanence measured from VSM hysteresis loops and MFM images. From the remanent MFM images after plane-normal saturation [ Fig. 3(a) for [Co/Pd] 5 /NiFe 20 nm and Fig. 3(b) for [Co/Pd] 5 /NiFe 80 nm], the areas of the dark regions of the MFM phase images are 35% for t = 20 nm and 46% for t = 80 nm, corresponding to a remanence of 0.6 and 0.4, respectively, if the domain contrast represents regions with a plane-normal magnetization direction. However, in the hysteresis loops of Figs. 1(f) and 1(g), the remanence is close to 0.5. The difference may be a result of a through-thickness variation in the magnetization orientation, since the MFM is more sensitive to magnetization at the top surface whereas the VSM averages the magnetization throughout the volume.
In prior modeling [16] , the NiFe magnetization was tilted towards the film plane with increasing distance from the interface. The tilt reached 60
• for a NiFe thickness of 8 nm. The current MFM results show that even in thicker films there remains a significant plane-normal magnetization component near the top surface of the NiFe. The presence of the [Co/Pd] multilayer therefore profoundly affects the domain structure in the NiFe via exchange coupling.
B. Micromagnetic modeling
The OOMMF micromagnetic code [29] was used to model the remanent magnetization configuration of the [Co/Pd] 5 /NiFe samples with different NiFe thicknesses t = 4, 20, and 80 nm (Fig. 4) . The model included a NiFe layer that was exchange coupled to a [Co/Pd] 5 layer at the bottom surface of the NiFe film (the x-y plane at a height z = 0). The [Co/Pd] 5 magnetization was oriented in the plane-normal direction to model stripe domains of a width 100 nm along the y direction. Periodic boundary conditions in the x direction were used to model an infinite array of Co/Pd stripe domains. The NiFe magnetization was initially randomized with an in-plane random vector field, and was then allowed to equilibrate at zero applied field. Figure 4(a) shows clear perpendicular domains in the NiFe corresponding to the domains in the Co/Pd. The domain walls in the NiFe propagate through its thickness, though the magnetization tilts to lie in plane at the top surfaces of the walls, forming Néel caps. For the 80 nm thick NiFe film [ Fig. 4(c) ], the walls in the NiFe were less vertical, and the magnetization pattern at the top surface of the film was not a direct replica of that of the Co/Pd domains. Nonetheless, the presence of a domain structure at the top surface of the 80 nm thick NiFe film is in good agreement with the contrast seen in MFM images (Figs. 2 and 3 ). The modeling therefore shows that in the case of the thinnest NiFe layer, t = 4 nm, the [Co/Pd] 5 /NiFe t multilayer retains a high plane-normal remanence, whereas increasing t allows an inplane component of the magnetization to develop in the NiFe while still retaining a plane-normal component of the NiFe magnetization that is related to the Co/Pd domain structure.
C. FMR measurements
To quantitatively study the effective anisotropy, planenormal ferromagnetic resonance (FMR) measurements were carried out for [Co/Pd] 5 /NiFe(t) samples with varying NiFe thicknesses t = 3, 5, 8, 10, and 20 nm. An in-plane microwave frequency field was generated using a coplanar waveguide. An external magnetic field was applied along the plane normal. In this configuration, the resonance frequency and applied field follow a linear relation and the effective perpendicular anisotropy field is also obtained from the FMR measurements, as described by the following equation:
where f is the resonance frequency, γ is the gyromagnetic ratio, and H Figure 5(a) shows the microwave pumping frequency as a function of the resonance field. For all samples measured, the resonance field varied linearly with the microwave pumping frequency, following Eq. (1). The linewidth of the resonance peaks was also measured as a function of frequency, shown in Fig. 5(b) . To extrapolate the damping parameter, we fit the linewidth μ 0 H with
where H 0 is a constant indicating the inhomogeneous linewidth broadening, and α is the damping parameter. Before we discuss the FMR results, we point out that at low frequencies, the applied field is not sufficient to saturate the Figure 6 also shows the dependence of the damping parameter on the NiFe thickness. For the t = 20 nm sample, α = 0.0059 ± 0.0002, a typical value for high quality permalloy films [30] . For a thinner NiFe layer, the influence of the Co/Pd multilayer becomes important and the damping parameter increases rapidly with reducing the NiFe thickness, especially in the out-of-plane anisotropy regime. For t = 3 nm, α = 0.039 ± 0.01, nearly seven times larger than that in the 20 nm sample.
It is clear that the anisotropy evolves from plane-normal to in-plane orientation as the thickness of the NiFe layer increased, passing through zero at t ≈ 6 nm. The FMR measurements are in agreement with hysteresis loops (Fig. 1) and confirm that for the thinnest NiFe layers, t = 3 and 5 nm, a net perpendicular anisotropy dominates due to strong coupling between the soft and hard layers. Both the static and dynamic behavior of the thin NiFe samples are largely influenced by the [Co/Pd] multilayer in this regime. Samples with thicker NiFe layers (t 8 nm) behave more easy-plane-like, because the shape anisotropy energy per unit area increases with thickness while the interlayer coupling energy per unit area is fixed.
IV. CONCLUSIONS
In summary, the static and dynamic magnetic properties of exchange-coupled [CoPd] 5 /NiFe multilayers are investigated. The anisotropy of the [CoPd] 5 /NiFe multilayer depends strongly on the thickness of the NiFe layer, and by varying the NiFe thickness, the easy axis can be reoriented from plane normal to in plane. There was a clear trend in anisotropy constant from (1.94 ± 0.10) × 10 5 J/m 3 at t = 3 nm to (−2.70 ± 0.14) × 10 5 J/m 3 at t = 20 nm NiFe, and the damping constant changed between 0.039 ± 0.010 and 0.0059 ± 0.0002 [30] . With increasing NiFe thickness, the morphology of the domain pattern varied from large domains to stripe domains, but even for thick NiFe there was a plane-normal magnetization component at the top surface of the NiFe controlled by the domain pattern in the Co/Pd.
These results expand our understanding about material systems with mixed anisotropies, and indicate that the damping parameter and net anisotropy can be tuned for spintronics applications by using multilayers with mixed anisotropies. For instance, in a spin torque nano-oscillator, the free layer requires small damping constants, low saturation magnetization, small volume, and high polarization to be set in motion by small critical current, whereas a fixed polarizer layer requires a large magnetization, large damping, and large effective field so that the current is not sufficient to cause precession of the polarizer [13] . It is expected that further investigation of such exchange-spring systems such as [Co/Ni]/NiFe [19] could help to realize more effective spin torque oscillators based on high-anisotropy materials in films where both fixed and free layers would take advantage of tilted magnetization.
